We have shown previously that during the oxidative folding of bovine pancreatic trypsin inhibitor only intermediates with native disulfide bonds are well populated. Nevertheless, these studies also confirmed the earlier conclusion [Creighton, T. E. (1977) J. Mol. Biol. 113, 275-2931 that the rate-limiting transition in the kinetically preferred route for folding involves intramolecular disulfide bond rearrangements. Consequently, intermediates with nonnative disulfide bonds must form transiently during folding. Two specific nonnative species, denoted [30-51; 5-14] and [30-51; 5-381, in which numbers indicate residues participating in a disulfide bond, can be detected at low levels in kinetic folding experiments with bovine pancreatic trypsin inhibitor. By working with purified reversibly trapped intermediates, the role ofthese two nonnative species has been examined directly. These species are found to be in relatively rapid exchange with each other and with an initially formed native two-disulfide intermediate [30-51; 14-38]. Thus, the low abundance of the two nonnative species detected in kinetic folding experiments reflects primarily their low thermodynamic stability as compared to this native intermediate. To a small extent, these nonnative species form the productive native intermediate [30-51; 5-55], which is the immediate precursor to the native protein. However, an equal amount of [5-55; 14-38], a nonproductive dead-end intermediate, is also produced. Thus, the nonnative species detected during the folding of bovine pancreatic trypsin inhibitor are not committed to forming the productive native intermediate, nor do they serve to direct folding specifically toward a productive route.
The native structure of bovine pancreatic trypsin inhibitor (BPTI) is stabilized by three disulfide bonds between residues 30-51, 5-55, and (Fig. 1A) . Upon reduction of these disulfide bonds, BPTI unfolds spontaneously. Thus, protein folding is linked thermodynamically to disulfide bond formation. The folding of BPTI (Fig. 1B) has been described in terms of the disulfide-bonded intermediates that accumulate during the oxidative folding of the protein (8, 9) . These intermediates are denoted in brackets by the cysteine residues involved in disulfide bonds; native BPTI (N) is thus [30-51; 5-55; . Recently, it has been demonstrated that only intermediates with native disulfide bonds are well populated during folding (8) .
When BPTI folds in strongly oxidizing conditions, roughly one-half of the molecules form a very stable quasinative intermediate, [5-55; 14-38] , that has been designated N* (8, 10, 11) . N* has a structure that is essentially identical to that of native BPTI (12, 13) . This native structure buries Cys30 and Cys5' (Fig. 1A) , rendering them inaccessible to oxidizing agents and, thereby, preventing formation of the final disulfide bond. Because N* neither oxidizes nor rearranges on the time scale of most folding experiments, including those reported here, routes of folding that lead to N* are referred to as "nonproductive."
In the predominant "productive" route for folding, native BPTI is not formed by a simple sequential acquisition of native disulfide bonds (8, 9, 14 In addition, the rearrangement of N' to NIH is rate-limiting in the productive folding of BPTI (8, 11) . (iii) Finally, the 14-38 disulfide bond is oxidized readily in N SH to form native BPTI (N). It has not yet been established firmly why the 5-55 disulfide bond cannot be formed readily in N' to yield native BPTI (Fig. 2) . It seems likely (8) , however, that a large factor in the failure of N' to oxidize directly is that the native structure of this intermediate buries the thiols of Cys5 and Cys55. Before a new disulfide is formed, a free thiol in a protein first forms a mixed disulfide with an external oxidizing agent, typically the oxidized form of glutathione. By burying thiols, native structure in N' is expected to inhibit formation of the mixed disulfide species. Other factors, such as the structure of the transition state (18) , also may contribute to the failure of N' to oxidize directly.
We focus here on the mechanism of the rearrangement of N' to NsH. Because only a single cysteine in a disulfide bond can be replaced per thio-disulfide exchange step, the intramolecular rearrangement of N' to NSSH requires at least two steps (Fig. 2) . Moreover, the intermediate produced after the first exchange step must contain a disulfide bond not found in native BPTI.
The presence of a nonnative species in the predominant route of productive folding of BPTI is, therefore, required by disulfide chemistry. There is no reason a priori that these nonnative species must also play a specific role in directing the folding process. It is possible, however, that the nonnative species contain specific structural information that favors a productive route, disfavors an unproductive route, or otherwise guides the flux of molecules in the folding process.
Two specific nonnative species, [30-51; [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and [30-51; , are conspicuously present during the folding of BPTI, albeit at low levels compared to the native intermediates (8) . These nonnative species are of particular interest (9) because they could serve as direct intermediates in the productive rearrangement of N' to NSH (Fig. 2) (20) , suggesting that the nonnative species do not accelerate folding (for a more complete discussion, see ref. 21 ). , the similarity in these two rates suggests that the rearrangement process is largely random (8) . The simplest explanation for this randomness is that both rearrangements require substantial unfolding of N'. This explanation is supported by the observation that, even at high concentrations (6 M), the chemical denaturant urea accelerates the rearrangement of N' (8) . These considerations suggest that the nonnative species [30-51; [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and [30-51; 5-38] do not direct folding specifically toward a productive route.
Because the thiolate anion is the reactive species in thioldisulfide exchange, it is possible to quench folding rapidly by lowering the pH. Protonation is reversible, however, so acid-quenched intermediates must be separated rapidly and at low pH to avoid further oxidation or rearrangement. The validity ofusing acid-quenching and reversed-phase HPLC at pH 2 for studies of BPTI folding has been established (8) . A substantial advantage of acid-quenching is that it is reversible. As a result, it is possible to purify an acid-quenched intermediate to homogeneity and subsequently to allow further rearrangement or folding to occur (8 
The identity of the disulfide species was determined as described in ref. 8 .
Rearrangement of Purified Intermediates. Rearrangement reactions were initiated by the addition of folding buffer (100 mM sodium phosphate, pH 7.0/150 mM NaCl/1 mM EDTA) to lyophilized intermediates in an anaerobic chamber (Coy Laboratory Products, Ann Arbor, MI). The rearrangement reactions were carried out in a circulating water bath at 250C. water. In the experiments depicted in Fig. 3 In each case, the rearrangement process was monitored for 15 min (Fig. 3) . It is important to note that on this time scale, secondary rearrangements of the three native intermediates (N', N*, and NSH) are not significant. N' rearranges (to N* and NSH) at a rate of 1.3 x 1O-S min-at 250C and pH 7.0 (data not shown). Thus, <2% of N' will rearrange in 15 min. The other two native intermediates (N* and Ns') do not rearrange to a detectable extent in 15 min.
The nonnative species [30-51; 5-14] rearranged preferentially to both [30-51; and N' on the minute time scale (Fig. 3B) . During this rearrangement, a small amount (-10%) of the starting material formed NSH. However, an equal amount of the nonproductive intermediate N* was also produced (Fig. 3B) (Fig. 3C) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and N'. Approximately 10% of the starting material formed N SH. Again, however, an equal amount of N* was also produced (Fig. 3C) .
These experiments demonstrate that the nonnative species (Fig. 3A) , rearrangement to N' occurs -10 times more rapidly. Even more striking is that the transition of these nonnative species to either N* or NSH occurs at the same rate.
Since N' is stable on the time scale of these experiments, the transition of these nonnative species to N* does not proceed through N'. As a consequence, the rearrangement to N* from [30-51; [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] or [30-51; 5-38] must proceed with a minimum of three thiol-disulfide exchange steps (Fig. 3A) . Moreover, at least one of the intermediates in this rearrangement must be a two-disulfide species in which both disulfide bonds are nonnative. It is extremely unlikely, therefore, that any significant structure persists throughout the transition to N*. The similarity in the rate of formation of NSH and N* suggests strongly that formation of the productive intermediate N SH also requires essentially complete unfolding of structure (cf. refs. 18, 22, and 23).
The preferential interconversions among the two nonnative species [30-51; [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and [30-51; 5-38] and the native intermediate N' (Fig. 3) made it possible for us to measure directly the individual rate constants for the interconversions among these three species (ki, k2, k3, and k4 in Fig. 4A [30-51; 5-14] , and N' can still be described by single rate constants. These measured rate constants were then used to predict the entire time course of rearrangement for each of the two nonnative species. For both nonnative species, the predicted time course agrees well with the measured data (Fig. 4 B and C) . Since the values of kj, k2, k3, and k4 were determined directly from the initial rate measurements (i.e., in contrast to fitting the rate constants to the overall kinetics of rearrangement), the quality of the agreement between the predicted and measured time courses supports strongly the accuracy of these measured rate constants and the validity of the model depicted in Fig. 4A . (Fig. 1A) [30-51; 5-38] to Ns' is a random process that requires substantial loss of structure. These nonnative species form N* at the same rate as they form N SH despite the fact that the transition to N* must proceed through several unobserved nonnative species (Fig. 3A) In conclusion, we find no evidence that nonnative structures play a significant role in directing the folding of BPTI, even though the predominant route for forming native BPTI requires the transient formation of species with nonnative disulfide bonds (14) . Earlier investigations have (i) demonstrated that all well-populated intermediates in the folding of BPTI contain only native disulfide bonds (8) , (ii) identified stable subdomains of native BPTI structure (4, 7) , and (iii) shown that N' folds to a stable structure that is almost identical to that of native BPTI (refs. 8 Other studies demonstrate unequivocally that the native fold of BPTI can be obtained without the assistance of nonnative disulfide species. BPTI containing only the 5-55 disulfide bond (with all other cysteine residues replaced by alanine or serine, so that nonnative disulfide bonds cannot form) is folded completely into a native conformation as determined by two-dimensional NMR (26, 27) and is a functional trypsin inhibitor (27) . Nonnative interactions might yet prove to be important in protein folding reactions; for example, they may stabilize early "molten globule"-like states (28, 29) . However, studies of BPTI argue strongly that native interactions play a predominant role in determining protein folding.
DISCUSSION

